In Mongolia, drought is one of the most serious meteorological disasters, causing large direct and indirect livestock losses. In this study, we assessed the influence of climate change on future drought risk in Mongolia by simulating vegetation processes. Our simulation considered uncertainty in future climate projection by running offline a modified version of the process-based vegetation model Sim-CYCLE, forced by adjusted climate projection data with a simple scaling method. The scaling factors representing each of the 24 Phase 3 Coupled Model Intercomparison Project (CMIP3) models were obtained from the magnitude of the changes in summer temperature and precipitation from 1940−59 to 2080−99, and multiplied by the projection of MIROC3.2 mediumresolution version, one of the CMIP3 participants. We analyzed the Special Report on Emissions Scenarios (SRES) A1B and A2 scenarios, and the results showed a robust increase in the future August leaf area index (LAI), which is the indicator of summer drought and also the most important variable in estimating livestock loss by winter disasters, and a decrease in the drought (low LAI) frequency across the range of all CMIP3 models under both scenarios.
Introduction
Projections of climate models have suggested that the frequency and intensity of extreme weather events are likely to increase in the future (Meehl et al. 2007 ). However, there have been few attempts to relate this increase in the severity and frequency of extreme events to the socio-economic impacts of the events.
The most serious meteorological disaster in Mongolia is a dzud, a local term meaning harsh winter conditions causing massive livestock loss (in particular, deep winter snowfall is called a white dzud). Dzuds may occur anywhere in Mongolia, although their frequency and intensity differ among regions (Templer et al. 1993) . The damages of dzuds, however, are strongly influenced by droughts in the previous summer (Begzsuren et al. 2004) . That is, if a deficit in precipitation causes pasture conditions to be inadequate, livestock may not survive even a moderate winter. Some livestock are killed by summer drought, but more commonly the livestock that have been enfeebled by drought are killed later by a dzud in winter or early spring. Tachiiri et al. (2008) , using a sophisticated approach with a tree-regression model based on vegetation conditions in summer and snow amounts in winter, found that the amount of snowpack in January and the vegetation conditions in the preceding August are the two most influential factors predicting the impact of meteorological disasters on livestock numbers. Recently, Mongolia had two such unfortunate combinations of a drought and a dzud causing serious damage. Applying the tree-regression method to the output of a climate model, Tachiiri and Shinoda (2012) showed that in the future the frequency of meteorological disasters (i.e., drought and dzud) will decrease, principally because of increased summertime vegetation, as indicated by higher values of the summertime leaf area index (LAI, the ratio of total upper leaf surface of vegetation to the surface area of the corresponding land).
Although the use of climatic models allows quantitative estimation of the future risk of meteorological disasters, differences in the results between the models are not negligible. Reasons for this inter-model uncertainty include the degree of dispersion in climate sensitivity: The equilibrium climate sensitivity ranges between 2.0 and 4.5 K, and the transient climate response ranges from 1.2 to 2.6 K (Randall et al. 2007 ). In particular, summer precipitation has large uncertainty around Mongolia, even in the sign of the change, among future projections of climate models (Christensen et al. 2007) .
In this study, we considered inter-model differences in projected future climates (particularly in temperature and precipitation) and assessed their effect on vegetation conditions in summer, which is a key to determining dzud damage during the following winter.
Data and study method

Climate projection data
We used the monthly outputs of 24 climate models from the Program for Climate Model Diagnosis and Inter-comparison (PCMDI) (https://esg.llnl.gov:8443/index.jsps) as projected climate data. Among the ensemble runs started with different initial conditions, we used the outputs of Run1 of each model for 1940−2099 of the 20th century experiment and the Special Report on Emissions Scenarios (SRES) A1B scenario, both of which were compiled by the Phase 3 Coupled Model Intercomparison Project (CMIP3). We also used model outputs for the SRES A2 scenario as supplementary data. The A1B scenario postulates a moderate increase in the CO 2 concentration to around 720 ppm by 2100, whereas the A2 scenario assumes stronger economic growth, with CO 2 reaching 900 ppm or more in 2100. A comparison of CMIP3 data with observation data (from the National Agency for Meteorology Hydrology and Environment of Mongolia) revealed that the observed values are basically within the inter-model uncertainty both for temperature and precipitation, except that the observed trend of winter precipitation was significantly underestimated by the models.
Vegetation model
We used the Sim-CYCLE (Ito and Oikawa 2002) (Friedlingstein et al. 2006) . Sim-CYCLE simulates vegetation activity (photosynthesis and respiration) for given climatic conditions. The prognostic variables are all of the properties related to vegetation activity, including LAI, gross and net primary production, and plant and soil respiration. The biomes of Mongolia were specified as shown in Fig. 1 and did not change for carrying out offline runs. This method is employed to represent the dispersion of long-term trends for multiple models using one model's characteristics for variability. In the experiment, to represent long-term trends of each model we used climatic conditions adjusted according to the following four equations, Eqs. (1) and (2) for temperature (T ) and Eqs. (3) and (4) for precipitation (P):
Here, i = 1 − 24 for each model, T m and P m are the values of the time of concern for MIROC med, T m0 and P m0 are the average values of 1940−1959 for MIROC med, T m ′ and P m ′ are the anomalies of MIROC med data with respect to T m0 and P m0 , and cc1 0i and cc2 0i are coefficients for long-term trends determined from the analysis of Run1 of each of the CMIP3 models ( (2) and (4), |doy − 183|/182 (where doy is day of year) was multiplied by its difference from unity. Also, for continuity with the present climate, another term, (yr − 2000)/90 (where yr is the year A.D.), was multiplied by its deviation from 1. Soil temperature and ground surface temperature were also varied by using Eqs. (1) and (2), as was specific humidity, but for the latter the square root of the product of the temperature and precipitation coefficients ((cc1 0i × cc2 0i ) 0.5
) was substituted for cc1 0i in Eq. (2) so that specific humidity would positively correlate with both temperature and precipitation.
Results and discussion
For the whole study area, the predicted ensemble mean increase in the annual mean temperature for 2080−2099 relative to 1980−1999 was 3.9 K, and the predicted increase in total precipitation was 47 mm (an increase of 12%). Figure 3 presents projected changes in the average temperature and precipitation in the study area from all 24 models for winter and summer. Temperatures consistently increased in both winter and summer (Figs.
during the experiments (i.e., Sim-CYCLE is not a dynamic vegetation model). Northern Mongolia has a cold, wet climate and is forested, while the vegetation in the hot, dry south is of shrubland, grassland, or desert. The study area extends from latitude 41.5°N to 52.4°N and longitude 87.7°E to 120.0°E (which encompasses all grid points except those in the southernmost row in Fig. 1 ). Our analyses were carried out using values that were averaged spatially over the study area, although we also present a spatial analysis.
When a vegetation model is used as a component of an Earth system model, the model is often tuned so as to best represent forested areas, the major player in the global carbon budget, rather than drylands. We examined the relationship between remotely sensed LAI in the Global Inventory Modeling and Mapping Studies (GIMMS) dataset (http://glcf.umiacs.umd.edu/data/gimms/) and NCEP/NCAR reanalysis (Kistler et al. 2001 ) temperature and precipitation dataset (1981−2003) and found that the average rainfall, but not temperature, during June−August had a significant positive effect on the LAI in August. As the Sim-CYCLE model did not represent these relationships well, we modified its representation of soil moisture for calculating the effect of water stress on photosynthesis so that it used soil moisture in the top layer (30 cm depth) only, rather than in the entire profile. After this modification, the relationship between the LAI and temperature/ precipitation was acceptably well represented (Fig. 2) .
Among other important processes controlling vegetation activity in cold and arid lands, the model considers the effect of temperature in winter and spring on the LAI in summer by using accumulated temperature to decide the timing of foliation. Snow depth in winter, which might be considered as a source of moisture in early spring, is in fact reported to be too small to exert a large effect on the soil moisture in Mongolia (Shinoda and Nandintsetseg 2011), which means that ignoring winter snow depth is not a critical fault of the model in assessing future vegetation conditions in this region.
Experiment with varied climatic conditions
To assess the inter-model differences of climatic models and their effect on our results, we performed an offline experiment (i.e., unlike in MIROC-ESM05, without interactive coupling of climatic and vegetation models and by driving the vegetation model using a precalculated time series of climatic model output) with our modified version of Sim-CYCLE and modified climate data. We prepared the output of the MIROC medium resolution version (med hereafter) in air temperature, precipitation, ground surface temperature, soil temperature, specific humidity, wind speed and radiation used by Sim-CYCLE for 2001−2100 under the SRES A1B scenario. We chose MIROC med data as the reference because of their completeness and because of MIROC's compatibility with Sim-CYCLE.
Before starting, we carried out a 20th-century run after the spin-up at 1900. In the main experiment of 2001−2100, the dispersion of climatic models is considered using a simple scaling method, and the adjusted climatic data are input to Sim-CYCLE , are statistically insignificant for both the model and observation), (b) August LAI vs July precipitation (the coefficients of determination are statistically significant for both the model and observation). The modified Sim-CYCLE appropriately represents the dominating effects of precipitation on short-term LAI variability in the study area as opposed to the inconspicuous effects of temperature illustrated in (a). Although the effect of temperature on vegetation activity is not prominent in (a), the significance of this effect has been established by chamber experiments (e.g., Murata et al. 1965 ) and some field studies in Mongolia 3a, b). Winter precipitation also increased (Fig. 3c ), but modeled summer rainfall was not consistent among the models, although the ensemble mean increased by 7% from 1940−1959 (Fig. 3d) . These results are consistent with those of Christensen et al. (2007) .
The temporal change in LAI in the study area projected by modified Sim-CYCLE using MIROC med data is presented in Fig. 4 . The LAI in August starts to significantly increase around 2000 and increases by around 0.4 by the end of the century (Fig.  4a) . The average monthly LAI for the periods 1981−2000 and 2081−2100 is depicted in Fig. 4b . LAI increases in all months with the largest increase in September, making that month the LAI peak rather than August, the current peak month. The spatial distribution of changes in drought frequency and LAI is presented in Fig. 5 . In central Mongolia, LAI fluctuates so greatly that the average minus one standard deviation (the threshold criterion for drought) becomes negative. Thus no drought is identified, and except for a few grid cells, drought frequency decreases (Fig. 5a) . However, the LAI in 2081−2100 is lower than in 1981−2000 for one-third of the study area (Fig. 5b) .
As the LAI in August strongly affects dzud damage in the following winter and spring (Tachiiri et al. 2008) , we focused on the impact of climate change on LAI in August. The results of the experiment are presented in Figs. 6 and 7. Figure 6 shows the change in the drought frequency, defining drought as an August average LAI over the study area more than one standard deviation below the 1901−2000 average. By this criterion 14 droughts were identified in the 20th century, which is roughly consistent with the historical frequency of large dzuds (Komiyama 2005) . Figure 6 shows that drought frequency decreases for all of the CMIP3 dispersion, and Fig. 7 shows that for the whole range of the CMIP3 models, LAI generally increases. LAI dropped rapidly as the coefficient of temperature (cc1 0i ) increased (Fig. 7a) and rose gradually as the coefficient of precipitation (cc2 0i ) increased (Fig. 7b) . In Figs. 6 and 7, the red symbols represent extreme cases in which we used temperature coefficients out of the range of the CMIP3 dispersion to examine how robust the increase in the LAI is. Coefficients of 1.5, 2.0, 2.5, and 3.0 were used only for temperatures with fixed precipitation (as with MIROC med). It is evident that if the temperature rise in summer is greater than twice that of MIROC med, the drought frequency will increase and LAI will decrease. Thus, even when considering the dispersion of the CMIP3 models' temperature rise and precipitation change in summer, LAI is likely to increase, which indicates decreasing drought frequency for the rest of the century.
To investigate the difference between the scenarios, we examined the CMIP3 models' output for the SRES A2 scenario and found that the changes in temperature and precipitation were larger, but not remarkably larger, than in the A1B scenario. The ranges of cc1 0i shifted from 0.57−1.27 (A1B) to 0.66−1.41 (A2, ratio to MIROC med for A1B scenario), and cc2 0i shifted from 0.72−1.03 (A1B) to 0.74−1.12 (A2, ratio to MIROC med for A1B scenario). In addition, by carrying out another experiment (not shown) we confirmed that the effect of increased CO 2 concentration on the LAI in the study area is negligible. From these shifts it is clear that LAI will increase and drought frequency will decrease, which is consistent with the finding of Tachiiri and Shinoda (2012) that LAI will increase in the Earth system model interactively coupling MIROC med and Sim-CYCLE as MIROC-ESM05 (Kawamiya et al. 2005) with the SRES A2 scenario.
Our study results contradict those calculated from the simple index, which combines the (normalized) anomalies of precipitation and temperature (Ped 1975) , historically used by Mongolian scientists (e.g., Namkhai and Mijiddorj 1986), which predicts increased drought in the future, mainly due to increased atmospheric temperature. The inconsistency may arise from differences in the definition of drought (climatic vs. agricultural or ecological) or the limits of such a simple index for extrapolation to the future. In particular, the degree to which vegetation is adaptive to warmer climatic conditions can only be considered by using a process-based vegetation model. However, the model may need further improvement. For example, it may be better to use soil moisture of an even thinner layer, as soil water content at 5 cm depth is well correlated with photosynthesis (Nakano et al. 2008 ). In addition, consistent with other work (Munkhtsesteg et al. 2007) , the observation data yielded a negative relationship between average temperature in June−July and LAI in August. As a positive relationship was found between June temperature and June LAI, the increased LAI in June may enhance evaporation and reduce soil moisture in the following months, leading to suppression of LAI in August. This negative relationship is not yet represented by our model, even in the modified version.
Many kinds of uncertainties were not considered in this study. For example, the use of different vegetation models, including dynamic vegetation models, may result in different output. In addition, in this study we only perturbed summer temperature and precipitation, and used simple interpolation for other seasons. Future work will need to consider these uncertainties.
Conclusion and recommendations
Using the CMIP3 dataset, we modeled the contribution of summer climate conditions to the risk of drought, which can influence damage of the subsequent dzud, for the rest of this century. We used a process-based vegetation model and considered the inter-model uncertainty in existing climate models. A modified version of the vegetation model Sim-CYCLE forced with climate data consistent with data from the CMIP3 models projected increased LAI. This would lead to a decrease in drought and dzud damage under the SRES A1B scenario. The temperature and precipitation changes under the SRES A2 scenario suggest that future LAI will also increase under that scenario. In brief, the scaling method representing long-term trends from different climate models with different scenarios demonstrated that increasing LAI is a robust result. The modeled decrease in drought frequency is caused by a positive effect of a small increase in air temperature on vegetation activity (Tachiiri and Shinoda 2012) . In a provincial-scale analysis, however, it should be noted that an LAI drop is projected by the end of the 21st century in the southernmost province by MIROC-ESM05 with the SRES A2 scenario (Tachiiri and Shinoda 2012).
Future climatic conditions may go beyond the range of historical experience, threatening the reliability of many existing empirical evaluation methods. To monitor future droughts and dzuds, we strongly recommend that a process-based vegetation model supplant simple equations based on empirical analyses.
Future work will include more experiments to reduce uncertainties and improvements in models to better represent the relationship between temperature in early summer and LAI in August.
